Abstract-This letter describes the design of a micromachined nanopositioner with thermal actuation and sensing capabilities in a single chip. The positioner has a dynamic range of 14.4 µm, and the sensor drift is 8.9 nm over 2000 s with a differential sensing scheme. The on-chip displacement sensing enables a feedback control capability. A proportional-integral feedback controller is designed and implemented digitally. The closed-loop step response results show a positioning resolution of 7.9 nm and a time constant of 1.6 ms.
I. INTRODUCTION
H IGH-PRECISION nanopositioners have been used extensively in many applications such as scanning probe microscopy [1] , atomic force microscopy [2] , and emerging ultrahigh-density probe storage system [3] , [4] . Closed-loop feedback control of the positioners is highly desirable if a high degree of displacement precision is required, and such a control system needs an accurate source of position information [5] . However, in microelectromechanical systems (MEMS) nanopositioners, the in-plane movements are often measured by laser reflectance microscopes [6] , [7] or optical microscopes [8] , making the footprint of the whole system fairly large. There are few exceptions in the literature, for example, an embedded on-chip capacitive displacement sensor was integrated in a thermally actuated positioner in [9] . Nevertheless, only open-loop results were obtained, and a complex fabrication process was required for electrical insulation between electrical heating and sensing circuits. Recently, a novel thermal sensing scheme was used in a probe-based storage device [10] . Microheaters were used to measure the motion of a MEMS microscanner with a resolution of less than 1 nm. Compared to comb capacitive sensing, thermal sensing is more compact and can be easily integrated with actuators. In [11] and [12] , off-chip electromagnetic coil actuators were adopted for scanner actuation, and a complex mass-balanced structure was designed for vibration resistance purposes. In this letter, a novel thermal position sensor is integrated with a thermal actuator in the same MEMS chip without the need for inclusion of extra electrical insulation fabrication process [9] or assembling two chips as in [11] . Compared to other MEMS actuation mechanisms, the thermal actuators have advantages of low-voltage operation, large forces, and a high vibration resistance due to their stiff structures [13] . A MEMS device with integrated electrothermal actuation and sensing has been microfabricated in a bulk silicon process. Measurement results show that the positioner has a dynamic range of 14. 4 µm and an open-loop bandwidth of 101 Hz. A model of the positioner is derived, and a proportional-integral (PI) feedback controller is implemented digitally in a dSPACE rapid prototyping system to investigate the closed-loop performance of the positioner. The closed-loop step response results show a positioning resolution of 7.9 nm and a time constant of 1.6 ms.
II. DESIGN
The conceptual schematic view of the nanopositioner is shown in Fig. 1(a) . The device is microfabricated from 0741-3106/$26.00 © 2010 IEEE single-crystal silicon using a commercial bulk silicon micromachining technology-SOIMUMP in MEMSCAP [14] . This process has a 25-µm-thick silicon device layer and a minimum feature/gap of 2 µm. A scanning electron microscope (SEM) image of the whole device and a section of it are shown in Fig. 1(b) . The position sensors are two beam-shaped resistive heaters made from doped silicon. Application of a fixed dc voltage across the heaters results in a current passing through them, thereby heating the beams. As a heat sink, a rectangle plate is placed beside the beam heaters with a 2-µm air gap. The positioner stage is actuated by a thermal actuator, as shown in Fig. 1(b) .
Before applying a voltage across the actuator, the positioner stage is at the initial rest position [dashed box in Fig. 1(a) ], where the two edges of the sink plate are exactly aligned with the middle of the two thermal resistive sensors R 1 and R 2 . The sensors are biased by a dc voltage source V dc , and the heat generated in the resistive heater is conducted through the air to the heat sink plate (positioner stage). As the plate is centered between the two thermal sensors, the heat fluxes out of the sensors are identical, thereby equaling the temperature and resistance of the sensors. After applying a voltage on the actuator beams, the positioner stage is displaced toward left, and the heat flux associated with the sensor on the left increases while that of the sensor on the right decreases, resulting in a decrease in the resistance of the left sensor (R 1 ) and an increase in resistance of the right sensor (R 2 ). Thus, the displacement information of the positioner stage can be detected by measuring the resistance difference between the two sensors. The differential changes of the resistance result in current variations in the beam resistors, and the currents are converted to an output voltage using transimpedance amplifiers and an instrumentation amplifier. To suppress the common-mode noise, the gains of these two transimpedance amplifiers must be well matched. Employing the differential topology allows the sensor output to be immune from undesirable drift effects due to changes in ambient temperature or aging effects.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The nanopositioner was calibrated using a Polytec Planar Motion Analyzer. Digital image capture and analysis methods were used to determine the displacement of the positioner stage. The static actuation voltage versus displacement results are shown in Fig. 2(a) . With an actuation voltage of 9 V, the thermal actuator can achieve a maximum displacement of 14.4 µm. Meanwhile, at every actuation voltage, the instrumentation amplifier outputs were recorded for calibration of the position sensors, as shown in Fig. 2(b) . The sensors were biased with 6 V, and the instrumentation amplifier gain was set at 90.3 V/V. At this bias voltage, the sensors have a power consumption of 120 mW and a sensitivity of 0.27 mV/nm. The dynamic characterization was conducted using an HP35670A spectrum analyzer. A voltage of 4.5-V dc plus 1-V ac was applied to the actuator, and swept sinusoidal measurements were obtained from 1 Hz to 51.2 kHz. The frequency response shown in Fig. 3 shows that the open-loop bandwidth of the positioner is 101 Hz. The PI closed-loop feedback control of the developed positioner was investigated to improve positioning accuracy and robustness of the system. The feedback loop block diagram including a PI controller is shown in Fig. 5 . Due to the nonlinear nature of the thermal actuator, a nonlinear inversion block was added to the feedback loop to linearize the plant. Based on this control scheme, a controllable desired response of 2.5-µm steps over a 10-µm range was obtained with a positioning resolution of 7.9 nm and a time constant of 1.6 ms, as shown in Fig. 6 . As a comparison, a similar open-loop seek operation resulted in a maximum positioning error of 0.62 µm.
IV. CONCLUSION
A novel micromachined silicon nanopositioner with on-chip thermal actuator and sensor has been presented with nanometer resolution and low sensor drift. The MEMS positioner was embedded in a feedback loop to realize a precise position control. Experimental results have shown that the positioner with PI controller achieved a high degree of positioning accuracy with very good robustness. A 2-D positioner is currently under investigation for imaging applications.
